Clinical studies of hemiparetic walking have shown pre-swing abnormalities in the paretic leg suggesting that paretic muscle contributions to important biomechanical walking subtasks are different than those of individuals without disability. Three-dimensional forward dynamic simulations of two representative hemiparetic subjects with different levels of walking function classified by self-selected walking speed (i.e., limited community = 0.4-0.8 m/s and community walkers = >0.8 m/s) and a speed-matched control were generated to quantify individual muscle contributions to forward propulsion, swing initiation and power generation during the pre-swing phase (i.e., double support phase proceeding toe-off). Simulation analyses identified decreased paretic soleus and gastrocnemius contributions to forward propulsion and power generation as the primary impairment in the limited community walker compared to the control subject. The nonparetic leg did not compensate for decreased forward propulsion by paretic muscles during preswing in the limited community walker. Paretic muscles had the net effect to absorb energy from the paretic leg during pre-swing in the community walker suggesting that deficits in swing initiation are a primary impairment. Specifically, the paretic gastrocnemius and hip flexors (i.e., iliacus, psoas and sartorius) contributed less to swing initiation and the paretic soleus and gluteus medius absorbed more power from the paretic leg in the community walker compared to the control subject. Rehabilitation strategies aimed at diminishing these deficits have much potential to improve walking function in these hemiparetic subjects and those with similar deficits.
Introduction
A central disability associated with post-stroke hemiparesis is impaired muscle excitation, which inhibits the generation of properly graded and timed muscle force (i.e., muscle coordination) necessary to perform important subtasks of walking. Of particular interest are those subtasks related to improving walking speed, which include forward propulsion (i.e., acceleration of the pelvis forward), swing initiation (i.e., power delivered to the swing leg) and power generation (i.e., production or absorption of mechanical energy). Recent studies have quantified muscle contributions to these subtasks in nondisabled subjects at selfselected and increasing steady-state speeds (Neptune et al. 2004; Neptune et al. 2008 ) and found that pre-swing (i.e., double support phase proceeding toe-off) is a critical region of the gait cycle for muscles to accomplish these subtasks. Clinical studies of hemiparetic walking have shown pre-swing abnormalities in the paretic leg, including prolonged duration of the phase relative to the total gait cycle, reduced peak hip extension, and reduced hip and knee flexion velocities (De Quervain et al. 1996) , suggesting that paretic muscle contributions to these subtasks are different than those of nondisabled walkers. Because walking speed depends largely on the person's ability to coordinate the paretic leg during pre-swing, understanding the relationships between impaired muscle coordination and walking speed in hemiparetic subjects during pre-swing would be extremely beneficial for designing effective locomotor interventions.
Due to dynamic coupling arising from the multiarticular nature of the musculoskeletal system (Zajac 1993) , individual muscle function is difficult to assess via experimental techniques that use an inverse dynamics approach (Zajac et al. 2002) . However, modeling and simulation techniques can quantify individual muscle contributions to body segment accelerations and power distribution. For example, simulation analyses of nondisabled walking have shown that soleus (SOL) and gastrocnemius (GAS) force output are both critical to power generation, while SOL is the primary contributor to forward propulsion and GAS is the primary contributor to swing initiation (Neptune et al. 2001; Zajac et al. 2003; Neptune et al. 2008) . The hip flexors (e.g., iliacus, psoas (IL)) were also found to contribute to leg swing initiation (Neptune et al. 2004; Neptune et al. 2008 ).
Experimental studies of hemiparetic walking have reported several abnormalities during paretic pre-swing including deficits in electromyography (EMG) (Knutsson and Richards 1979; Lamontagne et al. 2002; Den Otter et al. 2007 ) and kinetic measures (Olney et al. 1994; Nadeau et al. 1999; Lamontagne et al. 2002; Chen et al. 2005 ) of the paretic plantar flexors. EMG recorded from paretic SOL and GAS show reduced and early excitation compared to nondisabled EMG patterns (Knutsson and Richards 1979; Den Otter et al. 2007 ). Chen et al. (2005) found differences in kinetic leg energy in hemiparetic subjects and speed-matched controls that suggest impaired paretic leg swing initiation. Other experimental studies have hypothesized that some hemiparetic subjects are able to compensate for paretic plantar flexor deficits and achieve faster walking speeds via the paretic hip flexors (Nadeau et al. 1999 ) and/or non-paretic leg force production (Bowden et al. 2006) . For example, Nadeau et al. (1999) found weakness of the plantar flexors was correlated with gait speed limitations in a group of hemiparetic subjects, and some of these subjects who attained faster speeds produced an increased hip flexor moment. Bowden et al. (2006) reported that hemiparetic subjects with high and moderate severity relied heavily on the non-paretic leg to generate propulsion, which may do so during paretic pre-swing due to the changed orientation of the non-paretic leg. Specifically, in many hemiparetic subjects, the non-paretic foot is not as far forward at heel contact (relative to the pelvis) and flat for an extended time during paretic pre-swing compared to nondisabled walkers (Hsu et al. 2003; Chen et al. 2005; Balasubramanian et al. 2007 ). Because simulation analyses of nondisabled walking showed that the gluteus maximus (GMAX), vasti group(VAS) and hamstrings (HAM) each contribute to forward propulsion and power generation during foot flat (Neptune et al. 2004 ), these non-paretic muscles may do so during paretic pre-swing.
The purpose of this study was to compare individual muscle contributions to forward propulsion, swing initiation and power generation of two representative hemiparetic subjects with different levels of walking function classified by self-selected speed (i.e., limited community = 0.4-0.8 m/s and community walkers = >0.8 m/s) (Perry et al. 1995) and speed and age-matched controls during pre-swing. We expected that: 1) GAS contribution to swing initiation, SOL contribution to forward propulsion and SOL and GAS power generation would be decreased; 2) swing initiation and power generation by the paretic hip flexors (e.g., IL) would be decreased for the limited community walker; and 3) forward propulsion and power generation provided by non-paretic GMAX, VAS and HAM during paretic leg pre-swing (i.e., early stance of the non-paretic leg) would be increased relative to controls. Because the stroke population is very heterogeneous, this study is a first step toward understanding the various impairments and compensatory mechanisms in post-stroke hemiparetic walking.
Methods

Experimental Data
Experimental data were collected from 51 hemiparetic subjects walking at self-selected speeds without use of an assistive device or ankle-foot orthosis and 21 nondisabled elderly subjects walking at self-selected speeds and speeds of 0.3, 0.6 and 0.9 m/s at the VA Brain Rehabilitation Research Center at the University of Florida as part of a larger study. A safety harness mounted to the ceiling that provided no body weight support protected the subjects in the event of loss of balance. All subjects signed informed consent and the Institutional Review Boards of the University of Florida and the University of Texas approved the protocol. Three-dimensional (3D) ground reaction forces (GRFs) and kinematics, and bilateral EMG from eight lower limb muscles (medial gastrocnemius, soleus, tibialis anterior, rectus femoris, vastus lateralis, biceps femoris, semimembranosus, and gluteus medius) were recorded at 2000 Hz, 100 Hz and 2000 Hz, respectively, during 30 s walking trials on a split-belt instrumented treadmill (Tecmachine) and were processed using Visual 3D (C-Motion, Inc.). Raw kinematic and GRF data were low-pass filtered using a fourthorder zero-lag Butterworth filter with cutoff frequencies of 6 Hz and 20 Hz, respectively. All data were time normalized to 100% of the paretic (ipsilateral, right for control) gait cycle and averaged across consecutive gait cycles within each subject at each speed. From this data set, walking trials of a representative subject from each functional group (limited community: male, left hemiparesis, single cerebrovascular infarction, age = 53 years, time post stroke = 2 years 1 month, self-selected treadmill speed = 0.45 m/s; community: male, left hemiparesis, single cerebrovascular infarction, age = 60 years, time post stroke = 8 years 5 months, self-selected treadmill speed = 0.9 m/s) and an age matched control subject (female, age = 59 years) walking at speeds of 0.6 and 1.0 m/s were selected for the simulation analysis. For these trials, the individual gait cycle with the minimum difference in joint angles and GRFs compared to the average data was used as tracking data ( Fig. 1 and Fig. 2 ). For the hemiparetic subjects walking with self-selected overground and treadmill speeds within each functional group range, we selected the subject with the average percent of paretic propulsion value (Bowden et al. 2006) closest to the functional group average to represent each group.
Musculoskeletal Model
A previously developed 2D model and optimization framework (e.g., Neptune et al. 2008) were adapted to simulate 3D walking. The model was developed using SIMM (MusculoGraphics, Inc.) with musculoskeletal geometry based on Delp et al. (1990) and consisted of rigid body segments representing the trunk, pelvis, and thigh, shank, talus, calcaneus and toes of each leg. The pelvis was allowed to translate and rotate with respect to the ground with six degrees-of-freedom (df) and the trunk was allowed to rotate relative to the pelvis with three df. Each hip joint was modeled with a spherical joint and each knee, ankle, subtalar, and metatarsal joint was modeled with a single df, yielding a total of 23 df in the model. The contact between the foot and ground was modeled with 31 independent visco-elastic elements on the bottom of each foot (Neptune et al. 2000) . Passive torques representing the forces applied by ligaments, passive tissue and joint structures were applied at each joint (Anderson 1999) . The dynamical equations-of-motion were derived using SD/ FAST (PTC) and forward dynamics simulations were produced using Dynamics Pipeline (MusculoGraphics, Inc.).
The model had 43 Hill-type musculotendon actuators per leg. Muscle contraction dynamics were governed by Hill-type muscle properties (Zajac 1989 ) and muscle activation dynamics were modeled using a nonlinear first-order differential equation (Raasch et al. 1997 ) with activation and deactivation time constants derived from Winters and Stark (1988) . Polynomial equations were used to estimate musculotendon lengths and moment arms (Menegaldo et al. 2004 ).
Dynamic Optimization
Forward dynamic simulations from paretic mid-stance to paretic toe-off (right leg for controls) were generated using dynamic optimization to test our hypotheses related to the pre-swing (double support) phase. A simulated annealing algorithm varied the muscle excitation patterns until differences between simulated and experimentally measured joint angles and GRFs were minimized (Goffe et al., 1994) . Total muscle stress (muscle force/ cross-sectional area of muscle) was also included in the cost function to minimize cocontraction while reproducing the experimental kinematics and GRFs equally well. Bimodal patterns (Eq. 1) were used to define the muscle excitations, u(t), and were described by six optimization parameters including the onset, offset, and amplitude (A) of each mode i, at time t, for each muscle.
(1)
Simulation Analyses
Previously described muscle-induced acceleration and segment power analyses (Fregly and Zajac 1996; Neptune et al. 2001 ) were used to quantify individual muscle contributions to forward propulsion (i.e., average horizontal acceleration of the pelvis), swing initiation (i.e., average mechanical power generated to the leg) and power generation (i.e., average musculotendon power) during paretic (right) leg pre-swing for each of the hemiparetic (control) simulations. The pre-swing double support phases corresponded to 19%, 16%, 14% and 13% of the gait cycle for the limited community, control at 0.6 m/s, community and control at 1.0 m/s simulations, respectively. After analysis, contributions by individual muscles were grouped according to their anatomical classification and how they contributed to the walking subtasks (Table 1) .
Results
Simulations of limited community and community hemiparetic walkers and speed-matched controls were generated such that simulated GRFs and kinematics from mid-stance to toe-off were near ± 2 standard deviations of the experimental data (Table 2 ). For clarification, we refer to the right and left leg of the control simulations (normalized to the right leg gait cycle) as the ipsilateral and contralateral leg, respectively, for comparison with the paretic and non-paretic legs. Paretic (ipsilateral) and non-paretic (contralateral) muscle excitation timings compared well with the experimental EMG and with data available in the literature (Den Otter et al. 2004; Den Otter et al. 2007 ).
Forward Propulsion
Paretic muscles contributed less to forward propulsion in the limited community hemiparetic walker compared to the ipsilateral leg of the speed-matched control (Fig. 3A, Net) . For the limited community walker, forward propulsion by paretic SOL, GAS and GMED was decreased compared to the ipsilateral leg (Fig. 3A) . The net effect of non-paretic muscles was to decelerate the pelvis during paretic pre-swing, in contrast with the net effect of the contralateral muscles of the control, which accelerated the pelvis forward (Fig. 3A) . Nonparetic and contralateral VAS and RF in early stance contributed substantially to pelvis acceleration (Fig. 3A) . Non-paretic and contralateral HAM contributed to pelvis deceleration, though much more in the limited community walker (Fig. 3A) .
For the community hemiparetic walker, paretic SOL strongly accelerated the pelvis forward to provide more forward propulsion than ipsilateral SOL of the speed-matched control (Fig.  3B ). Paretic and ipsilateral GAS provided forward propulsion secondary to SOL in the community walker and control (Fig. 3B) . The total average pelvis acceleration and deceleration by paretic muscles was increased for the community walker compared to the ipsilateral leg due to increased acceleration by paretic GMED and increased deceleration by paretic AM (Fig. 3B) . Non-paretic leg muscles contributed to forward propulsion in the community walker similar to the contralateral leg with HAM, VAS and RF being the primary contributors (Fig. 3B) .
Swing Initiation
For the limited community walker, paretic muscles contributed more to swing initiation compared to the ipsilateral control leg (Fig. 4A, Net) . Paretic and ipsilateral GAS was a primary contributor to swing initiation in both the limited community walker and control (Fig. 4A) . Paretic IL contributed less to swing initiation and SAR contributed more to swing initiation in the limited community walker compared to the ipsilateral leg. Negative paretic swing initiation (i.e., power absorbed from the paretic leg by paretic muscles) was decreased relative to the ipsilateral leg due to reduced absorption by paretic SOL and GMED (Fig.  4A) . Non-paretic leg muscles contributed to swing initiation in the limited community walker similar to the contralateral leg with HAM being the primary positive contributor and RF being the primary negative contributor (Fig. 4A ).
For the community walker, paretic GAS, IL and SAR provided less and paretic AM provided more swing initiation compared to the ipsilateral leg (Fig. 4B) . The total average power absorbed by paretic leg muscles of the community walker was increased relative to the ipsilateral leg as paretic SOL and GMED absorbed more power from the paretic leg, such that the net effect of paretic muscles was to absorb power from the paretic leg during pre-swing (Fig. 4B, Net) . Similar to the control, non-paretic HAM and RF were primary contributors to swing initiation in the community walker (Fig. 4B) .
Power Generation
For the limited community walker, paretic muscles generated less power compared to the ipsilateral control leg (Fig. 5A : Total), specifically with the paretic GAS generating much less power (Fig. 5A) . Paretic SOL and GMED absorbed power in the limited community walker, while ipsilateral SOL and GMED generated power in the control (Fig. 5A) . Power generated by non-paretic and contralateral muscles was similar for the limited community walker and control ( Fig. 5A : Total).
The community walker also generated less power with paretic leg muscles compared to the control (Fig. 5B : Total) with the primary deficits in power generation by the paretic SOL and GAS (Fig. 5B) . Power absorption by paretic muscles was increased in the community walker compared to the control (Fig. 5B: Total) as the paretic GMED and AM absorbed power in addition to the paretic VAS (Fig. 5B) . Power generated by non-paretic and contralateral muscles was similar for the community walker and control (Fig. 5B: Total) .
Discussion
The purpose of this study was to use 3D muscle-driven forward dynamics simulations to compare individual muscle contributions to forward propulsion, swing initiation and power generation of two hemiparetic subjects with different levels of walking function classified by self-selected walking speed with those from nondisabled age and speed-matched controls during pre-swing. The simulation analyses identified decreased forward propulsion and power generation by paretic muscles in the limited community hemiparetic walker compared to the control. For the community hemiparetic walker, paretic leg muscles contributed less to swing initiation and generated less power compared to the control.
Limited Community Hemiparetic Walker: Forward propulsion is primary impairment
We expected that the SOL contribution to forward propulsion and power generation would be decreased in the paretic leg relative to the controls. Indeed for the limited community hemiparetic walker, paretic SOL contributed less to forward propulsion compared to the speed-matched control (Fig. 3A) . In addition to SOL, the paretic GAS and GMED contributed less to forward propulsion (Fig. 3A) and paretic SOL, GAS and GMED each generated less power (Fig. 5A ). Because SOL is the primary contributor to forward propulsion and GAS also accelerates the trunk during pre-swing in nondisabled walking (Neptune et al. 2000; McGowan et al. 2008) , these results suggest that the decreased paretic SOL and GAS contribution to forward propulsion is likely an important factor limiting walking speed for the limited community walker, consistent with previous experimental studies of hemiparetic walking (Nadeau et al. 1999; Jonkers et al. 2009 ).
We also expected that non-paretic GMAX, VAS and HAM contributions to forward propulsion and power generation during the paretic leg pre-swing would be increased relative to controls. For the limited community walker, the net non-paretic leg contribution to forward propulsion was negative as non-paretic HAM contributed more to negative forward propulsion compared to the contralateral control leg. Thus, the non-paretic leg did not compensate for decreased forward propulsion by paretic muscles during pre-swing. Because the net forward propulsion by both legs (Fig. 3A , sum of paretic and non-paretic Net) was near zero (−0.462 m/s 2 ) for the limited community walker during paretic preswing, forward propulsion must be generated during another phase of the gait cycle (e.g., non-paretic pre-swing) to maintain walking speed (Morita et al. 1995) .
We expected that GAS and hip flexor contributions to swing initiation and power generation would be decreased in the paretic leg of the limited community walker relative to the control. In contrast to our expectation, paretic muscles contributed to swing initiation similar to the ipsilateral leg (Fig. 4A, Total) , including paretic GAS and the hip flexors (i.e., sum of IL and SAR) (Fig. 4A) . Negative contributions to swing initiation by paretic muscles (Fig.  4A , primarily paretic SOL and GMED) were decreased relative to the ipsilateral leg. In the control subject walking at 0.6 m/s, ipsilateral SOL and GMED absorbed much energy from the ipsilateral leg to control the leg during slow walking.
Community Hemiparetic Walker: Swing initiation is primary impairment
Paretic muscles had the net effect to absorb energy from the paretic leg during pre-swing suggesting that paretic swing initiation is impaired in the community hemiparetic walker. Paretic GAS, IL and SAR contributed less to paretic swing initiation, paretic AM contributed more, and paretic SOL and GMED absorbed much more power from the paretic leg in the community walker relative to the ipsilateral leg (Fig. 4B) . The decreased paretic GAS and hip flexor contributions to swing initiation and increased paretic AM and GMED contributions to positive and negative swing initiation, respectively, is consistent with an experimental study that found impaired swing initiation of the paretic leg that was related to compensatory strategies (e.g., pelvic hiking) during swing among hemiparetic subjects and speed-matched controls (Chen et al. 2005) . Also, the mechanism of SOL to decelerate the leg during pre-swing as it transfers energy from the leg to the trunk was observed in a previous 2D simulation of nondisabled walking (Neptune et al. 2001 ). This mechanism was found in the present 3D simulation of the community walker by paretic SOL to strongly decelerate the paretic leg (i.e., SOL transferred energy from the leg to the pelvis), and also by GMED (Fig. 4B ).
The community walker was not limited by the ability to generate forward propulsion with the paretic leg, consistent with adequate paretic propulsive impulses generated by low severity hemiparetic subjects reported previously (Bowden et al. 2006) . The community walker relied heavily on the paretic SOL to provide forward propulsion as it contributed more to forward propulsion compared to the control (Fig.1B) . Paretic muscles contributed more to positive and negative forward propulsion (Fig. 3B, Total) for the community walker compared to the control, primarily due to increased contributions by paretic GMED and AM (Fig. 3B ). Paretic GAS contributed to forward propulsion in the community walker similar to ipsilateral GAS in the control (Fig. 3B) , though its contribution was less than SOL, which is consistent with previous studies of nondisabled walking (Neptune et al. 2001; McGowan et al. 2008 ).
Limitations
We analyzed treadmill walking which induces subtle differences compared to overground walking. However, the contributions of individual muscles to the subtasks are unlikely to be different overground because they are completely determined by the state (i.e., positions and velocities of the body segments) of the system (Zajac et al. 2003) . A potential limitation with this study was the use model parameters based on nondisabled subjects to simulate the hemiparetic subjects. However, because muscle force is scaled by the excitation magnitude, which is determined by the optimization algorithm to emulate the experimental data, the simulated forces used to assess muscle function are relatively insensitive to model parameters. Furthermore, we constrained the muscle excitation timing in the optimization to match closely with measured EMG timing. Because muscle coordination deficits of hemiparetic subjects result in various patterns of walking dysfunction, it is not known how well the results from the two representative hemiparetic subjects generalize to other hemiparetic subjects of their functional walking status. We expect that others walking with similar kinematics and kinetics would exhibit similar deficits during paretic pre-swing as observed in the current study.
Conclusions
We found deficits in paretic muscle contributions to forward propulsion and swing initiation during paretic pre-swing compared to the speed-matched control in the limited community and community hemiparetic subjects, respectively. Rehabilitation strategies aimed at diminishing these deficits have much potential to improve walking function in these hemiparetic subjects and those with similar deficits. Future work should focus on developing simulations of more hemiparetic subjects including other regions of the gait cycle to provide additional insight into impairments in muscle function in the post-stroke hemiparetic population.
Fig. 1.
Experimental data of the gait cycle with minimum difference in joint angles and ground reaction forces (GRFs) compared to the subject's average for the limited community walker at self-selected speed (with ± 1 standard deviation (S.D.) of the 30 s walking trial) and the control walking at 0.6 m/s. Data are normalized to the paretic (ipsilateral) gait cycle. Joint angle subtitles correspond to positive directions. Positive pelvic obliquity, rotation and tilt correspond to positive rotations about the X, Y and Z pelvis segment axes, respectively (see bottom right). Experimental data of the gait cycle with minimum difference in joint angles and ground reaction forces (GRFs) compared to the subject's average for the community walker at selfselected speed (with ± 1 standard deviation (S.D.) of the 30 s walking trial) and the control walking at 1.0 m/s. Data are normalized to the paretic (ipsilateral) gait cycle. Joint angle subtitles correspond to positive directions. Positive pelvic obliquity, rotation and tilt correspond to positive rotations about the X, Y and Z pelvis segment axes, respectively (see bottom right). Primary muscle contributors to forward propulsion (i.e., average horizontal pelvis acceleration) and the total average pelvis acceleration and deceleration (Total) and net by all paretic (ipsilateral for control) and non-paretic (contralateral for control) muscles during preswing. (A) For the limited community walker, forward propulsion provided by paretic and non-paretic muscles were decreased and increased, respectively, compared to the speedmatched control. (B) Forward propulsion provided by paretic muscles (i.e., SOL and GMED) was increased in the community walker relative to the speed-matched control. Primary muscle contributors to average swing initiation during pre-swing by paretic (ipsilateral for control) and non-paretic (contralateral for control) leg muscles. (A) For the limited community walker, swing initiation by paretic muscles was similar to the ipsilateral control leg, but paretic muscles absorbed less power compared to the control. (B) For the community walker, swing initiation by the paretic GAS, IL and SAR was decreased and paretic AM was increased compared to the control. Paretic muscles absorbed much more power from the paretic leg compared to the ipsilateral control leg. Average power generated by paretic (ipsilateral for control) and non-paretic (contralateral for control) leg muscles during pre-swing. (A) Paretic muscles generated less power in the limited community walker relative to the speed-matched control as paretic GAS generated much less power. (B) The community walker generated and absorbed much power with the paretic and non-paretic leg muscles, although power generated by the paretic SOL and GAS was decreased relative to the control. Table 1 The 43 musculotendon actuators per leg were combined into 18 groups after analysis according to their anatomical classification and contributions to the walking subtasks. Table 2 The average error between the experimental and simulated kinematics and ground reaction forces (GRFs) compared to the average standard deviations of the experimental data (in parentheses above). 
